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ABSTRACT 



In a radio circuit (299) that forwards a signal pair (E,Q) by 
first (291, 0 and second (292, Q) channels, by converting the 
signal pair (I>Q) fr°m a digital form (ID, Q D ) to an analog 
form (l^j Qj^), a gain controller (200) monitors differences 
between the overall gains (G r , G Q ) in the channels and 
corrects a gain imbalance by feeding back a gain determin- 
ing control signal (W) to one of the channels. The gain 
controller (200) has digital comparators (221-224) at the 
inputs (281, 282) of the channels and analog comparators at 
the outputs (283, 284) of the channels. Intrinsic offsets of the 
analog comparators are determined and compensated by 
subtracting corresponding offsets from the digital compara- 
tors. 
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GAIN CONTROLLER WITH COMPARATOR 
OFFSET COMPENSATION FOR CIRCUIT HAVING 
IN-PHASE AND QUADRATURE CHANNELS 

RELATED APPLICATION 

[0001] The present application is related to Ser, No. 
09/572.558, titled "Gain Controller for Circuit having In- 
phase and Quadrature Channels, and Method", filed May 16, 
2000. 

FIELD OF THE INVENTION 

[0002] The present invention generally relates to elec- 
tronic circuits having in-phase and quadrature channels, and 
more particularly, to a gain controller for such circuits. 

BACKGROUND OF THE INVENTION 

[0003] Receiver circuits and transmitter circuits (collec- 
tively "radio circuits*') of the direct conversion type are 
often used for radio frequency (RF) filtering in communi- 
cation devices such as mobile phones, television receivers or 
the like. 

[0004] Such a radio circuit uses signal pairs having an 
in-phase signal (I) and a quadrature signal (Q). Bothsignals? 
I and Q~liaWXsub^tantia^^ , 
signal is 90° phase shifted to the I signal. In other words/ 
both signals are in quadrature to each other. } 

[0005] The radio circuit has a first channel for the I signal 
and second channel for Q signal. Each channel indepen- 
dently forwards and processes its signal, for example by 
digital-to-analog converting and low-pass filtering. Other 
signal processing is also possible, for example, analog-to- 
digital converting. Exact processing of the I and Q signals 
requires, among other things, that both signals have the same 
amplitude. 

[0006] However, differences in the gains (amplitude trans- 
fer function) of the channels commonly occur as a result of 
changes in temperature, frequency, manufacturing variations 
of the electrical components and other parameters. Small 
gain differences, ("mismatch") can result in distortions that 
lead to unwanted discr ete tones in furthe r circuitry coupled 
to the radio circuit. jQseful references caiTbe~f6undlh~U!S/ 
Pat. Nos. 5,604,929f 5,249,203; 5,230,099; 5,179,730; 
5,095,536; 5;095;533, all to Looper; as well as in U.S. Pat. 
No. 4,926,443 to Reich; U.S. Pat. No. 4,633,315 to 
Kasperkovitz; U.S. Pat. No. 5,930,286 to Walley; and U.S. 
Pat. No. 4,799,212 to Mehrgardt 

[0007] The present invention seeks to provide an 
improved gain controller which mitigates or avoids disad- 
vantages and limitations of the prior art. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1 illustrates a simplified time diagram of a 
signal pair with an in-phase signal and a quadrature signal; 

[0009] FIG. 2 illustrates a simplified block diagram of a 
circuit having in-phase and quadrature channels that is 
controlled by a gain controller according to the present 
invention; 

[0010] FIG. 3 illustrates a simplified time diagram of 
digital signals having first and second sampling rates; 



[0011] FIG. 4 illustrates a simplified block diagram of the 
gain controller of FIG. 2; 

[0012] (FlGT?illustrates a simplified block diagram of the 
^irTcontfoller of F1G72 with more detail; 

[0013] FIG. 6 illustrates a simplified block diagram of a 
signal evaluator in the gain controller of FIG. 5; 

[0014] FIG. 7 illustrates, in combination, simplified time 
diagrams of signal component supplied to an analog com- 
parator in the signal evaluator of FIG. 6 and of an interme- 
diate signal provided by the analog comparator in an ideal 
case and as distorted by an offset; 

[0015] FIG. 8 illustrates a simplified block diagram of a 
further signal evaluator in the gain controller of FIG. 5; and 

[0016] ^IGr,9;illust rates a amplified block diagram of an 
oJfeet-GompensatiorFcontrol" loop in the gam-c»ntrollerIof ~ 7 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

[0017] For convenience, a glossary of terms used here and 
their definitions is provided prior to the claims. 

[0018] The following explanation uses abbreviations such 

for "minus"; and the ellipsis " . . /' collectively for either P 
fer-N.-Arrows in signal lines of the block diagrams illustrate 
a preferred signal flow. 

[0019] FIG. 1 illustrates a simplified time diagram of the 
signal pair I,Q with the in-phase signal I (traces 311, 312) 
and — shifted by substantially 90° — the quadrature signal Q 
(traces 321, 322). The horizontal axis shows the time t, and 
the vertical axis shows a physical quantity of the signals, 
such as voltage, current or the like, 

[0020] FIG. 1 shows the signals conveniently as analog 
signals (index "A"); digital signals (index "D") can be 
defined similarly. 

[0021] Signals I A and Q A each are differential signals each 
with a first component (traces 311, 321) and a second 
component (dashed traces 312, 322). For convenience of 
further explanation, first and second components are 
referred to as "plus" (P) and "minus" (M) components; 
component I A (P) by trace 311, component 1 A (M) by trace 
312, component Q A (P) by trace 321, and component Q A (M) 
by trace 322. 

[0022] In the following discussion, the sine shape of the 
signals is only intended to be a non-limiting example; any 
other shapes are possible. 

[0023] FIG. 2 illustrates a simplified block diagram of 
radio circuit 299 having in-phase channel 291 (dashed 
frame) and quadrature channel 292 (dashed frame) that is 
controlled by gain controller 200 according to the present 
invention. 

[0024] Explaining the present invention for two channels 
291, 292 is convenient, but not necessary for the present 
invention. Persons of skill in the art are able, based on the 
description herein, to implement controller 200 also for 
applications with further channels without departing from 
the scope of the present invention. 
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[0025] The term "in-phase" is therefore intended to be 
only a convenient abbreviation for signals and elements (like 
channel, input, output, etc.) in a "first" channel; and the term 
"quadrature" is an abbreviation for signals and elements in 
a "second" channel. 

[0026] Gain controller 200 can be used in a variety of 
telecommunication and other applications, for example, 
cellular phones operating according to international stan- 
dards, such as for example CDMA (Code Division Multiple 
Access) and GSM (Global System for Mobile Communica- 
tion). Gain controller 200 according to the present invention 
is therefore conveniently explained with the assumption that 
circuit 299 belongs to a radio receiver. By in-phase channel 
291, circuit 299 forwards an in-phase input signal (e.g., 
signal I D ) to in-phase output signal (signal 1^. By quadra- 
ture channel 292, circuit 299 forwards a quadrature input 
signal (e.g., signal Q D ) to quadrature output signal (e.g., 
signal Q^J. As^liustratelirirlput^ digital^ignals; ; 

and outpiit signals are analog signals. This"is"corivenienX biit ' 
riot essential: Pefsons of skill in the art can modify circuit" 

299 (alialoXinpuCo'igital output, both analog, both digital)? 

i t _ 

[0027] In circuit 299, in-phase channel 291 comprises 
digital-to- analog converter (DAC) 293 and low-pass filter 
(LPF) 295 to convert digital in-phase signal I D present at 
digital in-phase input 281 to analog in-phase signal I A at 
analog in-phase output 283. Quadrature channel 292 com- 
prises DAC 294 and LPF 296 to convert digital quadrature 
signal Q D present at digital quadrature input 282 to analog 
quadrature signal Q A at analog quadrature output 284. 

[0028] TOe-overall gams"GpIX/lB"ana'GQ=Q A /Q D in both 
channels"291 and 292, respectively, should substantially be 
equal. Gain controller 200 has "input 20I"a^pledJo input 
281 to receive digitallh^EaTesignari D ; input 202 coupled 
to input 282 to receive digital quadrature signal Q D ; input 
203 coupled to output 283 to receive analog in-phase signal 
I A ; and input 204 coupled to output 284 to receive analog 
quadrature signal Q A . 

[0029] Preferably, digital signals I D and Q D are repre- 
sented by multiple bits. During processing, optional quan- 
tizers (details later) can reduce the number of bits, for 
example to one ("single -bit"). 

[0030] In a feedback arrangement, gain controller 200 
obtains^aia^contrbl'signarw (available at output 206). 
Preferably,- signal W controls gain amplifier 205 that is 
coupled between digital quadrature input 282 and DAC 294. 
Multiplier controlsjhejjuantity of signal Q D that goes into 
DAC 294. The amplitude of signal Q D (before amplifier 205) 
is related.to^the amplitude~of mb^ified'signarQ^ Tmo D (after 
amplifier 205) by gainJ^(L=Q D MOD /Q D ). IrTsuc&lPway," 
rerative^fferences (G r /G Q ) and absolute differences (G x - 
Gq) between-overall gains G x and G Q are avoided. 

[0031] Havingjampfifier 205 /associated with quadrature 
chan nel 2 92 is convenient for explanation but not necessary 
for the present invention. Those of skill in the^art are able, 
basedon the de^ription Herein, to couple amplifier 205 also 
tojin^hTse channel 291 without departing from the scope of 
the p resent invention . 

[0032] Before explaining details of gain controller 200, 
sampling rates of digital signals are discussed. 

[0033] FIG. 3 illustrates a simplified time diagram of 
digital signal V D having a first sampling rate and digital 
signal V° having a second sampling rate. 



[0034] Digital signal V D has substantially constant mag- 
nitudes during first time intervals T (hereinafter "time 
slots"). In other words, signal V D is sampled at first sampling 
rate F»l/T. Digital signal V D stands for digital signals like 
I D and Q D (FIG. 2) and X D , Y D , X A , Y A , AX, AY (cf. FIG. 
5). When writing V D (r), time slots T are conveniently 
identified by indices r, r-1, r-2, r-R. 

[0035] Internally, gain controller 200 also uses signals V° 
that have substantially constant magnitudes during second, 
longer time intervals T R =R*T (hereinafter "time frames"). 
In other words, such signals are sampled with the predeter- 
mined second, lower sampling rate F R =1/T R =F/R. R is a 
sampling rate decimation ratio. Preferably, R is an integer, 
but real ratios can also be used. In other words, R indicates 
the number of time slots per time frame. For any time frame 
T R =R*T ending with a time slot identified by index r, an 
average V AVERAGE of V D (r), can be defined as follows: 



V AVERAGE = ^ * ^ V(r- j) 
;-o 



[0036] Controller 200 internally uses rate decimation 
where signals VD are converted to signals V° (e.g., AX°, 
AY 0 , 1°, Q°, cf. FIG, 5). 

[0037] For the application of sampling rate decimators, the 
following references are useful: Crochiere, R. E. and 
Rabiner, L. R.: "Interpolation and Decimation of Digital 
Signals — A Tutorial Review", Proceedings of the IEEE, vol. 
69, No.3, March 1981; and Proakis, J. G., Manolakis, D. G.: 
"Digital Signal Processing", Third Edition, Prentice Hall, 
Upper Saddle River, 1996, ISBN 0-13-373762-4, sections 
10.1 to 10.6 of chapter 10"Multirate Digital Signal Process- 
ing". 

[0038] FIG. 4 illustrates a simplified block diagram of 
gaincontroller 200 according to the present mvention/Gain' 
controller 200 provides control signal W at outpiav206_that 
(by varying L) adjS^th¥^verall~gain~in either ("first") 
ir^phase channel 291 or ("second") quadrature channel 292 
of circuit-299 (cf. FIG. 5). Gain controller 200 comprises a 
first-plurality of comparators 221-224 (details FIG. 8), a 
second plurality of comparators 211-214 (details FIG. 6), 
and signal processing circuit 290. 

[0039] In the first plurality of comparators, each compara- 
tor 221, 222, 223, 224 compares one of first (e.g., I D (P)) and 
second (e.g., I D (M)) components of the in-phase input signal 
(e.g., I D at m P ut 201) to one of first (e.g., Q D (P)) and second 
(e.g., Q D (M)) components of the quadrature input signal 
(e.g., Qd at in P ut 202). Each comparator 221, 222, 223, 224 
provides a single-bit "input related" intermediate signal 
(e g-, C D ( ...,...)) at the first sampling rate F. 

[0040] In the second plurality of comparators, each com- 
parator 211, 212, 213, 214 compares one of first (e.g., I A (P)) 
and second (e.g., I A (M)) components of the in-phase output 
signal (e.g., I A at input 203) to one of first (e.g., Q A (P)) and 
second (e.g., Q A (M)) components of the quadrature output 
signal (e.g., Q A at output 204). Each comparator 211, 212, 
213, 214 provides a single -bit "output related" intermediate 
signal (C A ( .,.,...)) at first sampling rate F. 

[0041] Signal processing circuit 290 receives the "input 
related" single-bit intermediate signal (e.g., C D ( ...,...)) 



02/20/2004, EAST Version: 1.4.1 



US 2002/0114413 Al Aug. 22, 2002 



from each of comparators 221, 222, 223, 224 (first plurality) 
and receives the "output related" single -bit intermediate 
signal (e.g., C A ( ...,...)) from each of comparators 211, 
212, 213, 214^ (second plurality) ^and integrates a predeter- ? 
mine^"^combination of the single-bit intermediate signals 
(example explained later) to control signal W^output 206) 5 
aHhe~secbnd, lower sampling rate F R . 
/ . . .. . - • 

[0042] Using comparators that output single -bit signals is 
an important advantage of the present invention and avoids 
the use_of^precise multi-bit converters. As explainedlater ~< 
(FIG. 9), intrinsic comparator offsets can be compensated. 

[0043] In connection with the following figures, signal 
processing circuit 290 is explained with dedicated hardware 
elements such as, for example, combiners 217, 218, 227, 
228, (in evaluators 210, 220), conditioners 230, 240, 250, 
260, adders 271, 272, 273, multipliers 235, 245, and inte- 
grator 280. This is convenient for explanation, but not 
limited thereto. Persons of skill in the art are able, based on 
the description herein, to implement the function of pro- 
cessing circuit 290 by a digital signal processor (DSP) or 
other general purpose processor such as a microprocessor, 
without departing from the scope of the present invention. 

[904"4] FlGrS-illustrates a simplified block diagram of 
gain controller 200. Gain controller 200 comprises signal 
evaluator 210 (details in FIGS. 6-7), signal evaluator 220 
(details in FIG. 8), signal conditioners 230, 240, 250, 260 
(dashed frames), adders 271, 272, 273, multipliers 235, 245, 
and integrator 280. 

[0045] Signal conditioner 230 comprises averager 231 
(symbol 2), decimator 232 (symbol J), quantizer 233, and 
delay stage 234. Signal conditioner 240 comprises averager 
241, decimator 242, quantizer 243, and delay stage 244. 
Signal conditioner 250 comprises averager 251 and decima- 
tor 252. Signal conditioner 260 comprises averager 261 and 
decimator 262. 

[0046] Signal conditioner 230 receives digital in-phase 
signal I D having the sampling rate F at input 201 and 
provides conditioned in-phase signal 1° having the lower 
sampling rate F R (at output of stage 234). Similarly, condi- 
tioner 240 receives digital quadrature signal Q D (sampling 
rate F, input 202) and provides conditioned quadrature signal 
Q° (sampling rate F R , output of stage 244). Signal condi- 
tioners 250 and 260 condition difference signals AX (from 
adder 271, see below) and AY (from adder 272) to signals 
AX° and AY°, respectively, by converting to rate F R . In other 
words, signals AX° and AY° are F R rate representations of 
difference signals AX° and AY°, respectively. 

[0047] For conditioning, the conditioners use averagers 
231, 241, 251, 261 to provide averages (cf . equation (1)) and 
decimators 232, 242, 252, 262 to decimate from rate F to rate 
F R , and — optionally — quantizers 233, 243 to convert multi- 
bit signals, preferably, to single-bit signals; and delay stages 
234, 244 for synchronization purposes. ^gnal"evaluatoT210 
receives analog in-phase signalT A ~ahd : analog quadrature 
signal- Q A - (at J inputs 203; 204; respectively) and provides 
combination signals X A and Y A (at outputs 215, 216, respec- 
tively): Similarly, signarevaluator 220 receives digitaTih- 
phasTsignalj D and digital quadrature signal Q D (at inputs 
201, 201, respectively) and provides combination signals 
X^ind Yo (at outputs 225, 226, respectively). Preferably, 
signals X^ Y A , X D and Y D are at sampling rate F. Details on 



how signals X A , Y A , X^and Y^are obtained are explained - , 

in connectiorf with FIGS. 6-8. 

i 

[0048] Adder 271 provides difference signal AX by sub- 
tracting signal X D from signal X A ; adder 272 provides 
difference signal AY by subtracting signal Y D from signal 
Y a (cf. the minus symbols). Preferably, signals AX and AY 
keep sampling rate F. 

[0049] Multiplier 235 receiving 1° and AX° forwards the 
intermediate product I°*AX° to adder 273; similarly, mul- 
tiplier 245 receiving Q° and AY° forwards the intermediate 
product Q°*AY° to adder 273. Adder 273 forwards the 
difference r*AX°-Q°*AY° to integrator 280. Integrator 280 
provides above mentioned gain control signal W at output 
206 (cf. FIG. 2). Signal W controls amplifier 205 (cf. FIG. 
2) such that quadrature signal Q D at input 282 (cf. FIG. 2) 
is forwarded to DAC 294 as Q D MOD with the gain L=l+W. 
Thereby, the feedback control loop from outputs 282, 284 to 
channels 291, 292 is formed. Details about signal W are 
explained later. 

[0050] FIG~6^illustrates a simplified block diagram of 
signal evaluator 210~irT gain controller 200 (cf. FIG. 5). 
Signal^evaluator 210 comprises analog comparators 211, 
212, 213, and 214 and combiners 217 and 218. 

[0051] Each of comparators 211, 212, 213, 214 has a first 
input to receive a component I A ( . . . ) from input 203 (cf. 
FIGS. 1,2,4,5), a second input to receive a component 
Q A ( . . . ) from input 204 (cf . FIGS. 1,2,4,5), and an output 
to provide the above mentioned single-bit intermediate 
signal C A ( ...,...). C A ( ...,...) is "output related" 
because it is derived from outputs 283 and 284 of circuit 
299. 

[0052] Combiners 217 and 218 receive signals 
C A (...,... ) and send above mentioned signals X A and 
Y A to output 215 and 216, respectively. 

[0053] Preferably, comparators 211, 212, 213, and 214 
receive sample signal SAMPLE at rate F from input 219 to 
output an updated intermediate signal C A ( ...,...) once 
in each time slot T. 

[0054] Preferably, Each, ando^ comparator 211, ;212, 213, > 
an~d~214 is a Single-bit analbg-to-mgital^^verter.^ In other 
words, intermediate signal C A (...,... ) can assume only 
two magnitudes, for example, "+1" and "-1", indicating a 
first and a second logical state, respectively. 

[0055] In an ideal case,^^ch-comparator outputs"signal^ 
C A (~7TV7;~ . ) in the first state when component!^ 777) ? 5 
islarger tKanTor equaTto component Q A ( . . ."); aiTd mitputs ~ 
sigriaTC A ( . 777 1 . . ) is the second state when component 
^I A (~ ")~is" smaller" than component Q A ( . . , ), that is 

c A ( ...... . K+i" fa 'a( • * ■ )-0a( • - • (2) 

C A ( ...... . K-l" for / A ( . . . )-e A < . . . )<0 (4) 

[0056] However, in the non-ideal case, this statements are 
extended by introducing comparator onsets OA( ~7 ;,...), 
for example: 

C A ( X+l" for / A ( . . . )-QjJi . . . ) 

*0 A ( ) 

c A ( ...... . x-r for / A ( . . . )-e A ( . . . ) 

<O a (.- -,...) (6,8) 

[00^J5Sels3) A (P;P)7O and"0 A (M, 
^^[^yJ»ejiifferehtjo£^ach comparator 211, 212, 213, and 
214, respectively, and can assume positive and negative 
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values;? The comparators receive the components and pro- 
vide^the output related single-bit signals as follows: Com- 
parator 211 receives components I A (P) and Q A (P) and 
provides signal C A (P,P); comparator 212 receives compo- 
nents I A (P) and Q A (M) and provides signal C A (P,M); com- 
parator 213 receives components I A (M) and Q A (P) and 
provides signal C A (M,P); comparator 214 receives compo- 
nents I A (M) and Q A (M) and provides signal C A (M,M). The 
function of combiners 217 and 218 will be explained later. 

[0058] FIG. 7 illustrates, in combination, 

[0059] simplified time diagram 501 of a signal compo- 
nent (e.g., I A (P), bold, trace 311 as in FIG. 1) of 
in-phase signal I and of a signal component (e.g., 
Q A (P), trace 321 as in FIG. 1) of quadrature signal Q 
that are supplied to an analog comparator (e.g., to 211) 
in signal evaluator 210 (cf. FIG. 6), 

[0060] simplified time diagram 502 of the intermediate 
single-bit signal (e.g., C A (P,P)) provided by the analog 
comparator (e.g., by comparator 211) in an ideal case, 
and 

[0061] simplified time diagram 503 of that intermediate 
signal single-bit distorted by the comparator offset (e.g. 
0(P, P)). 

[0062] Similar as in FIG. 1, the sine form is only an 
example. Diagrams 501, 502 and 503 have a common 
horizontal time axis t with consecutive time points t 2 to t 6 as 
well as time points t, to t 10 . The time points are useful for 
explanation and must not necessarily be synchronous to time 
slots T (cf. FIG. 3). Since comparator 211 provides signal 
C A (P,P) at rate F that is an oversampling rate in respect to 
the signal period length T SIG (e.g., T SIG =t5-t2), the genera- 
tion of signal C A (P,P) is expected at any time point. As in 
diagram 501, component I A (P) starts with zero quantity at i l9 
reaches a positive maximum at i^, again reaches zero at tj, 
reaches a negative maximum at t 4 , again reaches zero at t 5 , 
and reaches the positive maximum at t s . Component Q A (P) 
(that is 90° shifted) has the negative maximum at t i , reaches 
zero at t^, reaches the positive maximum at t 3 , reaches zero 
at t 4 , reaches the negative maximum at t 5 , and reaches zero 
at t 6 . The period length T SIG is unchanged. Vertical arrows 
going from I A (P) to Q A (P) indicate the difference I A (P)- 
Q A (P) (cf. statements (2)(4)(6)(8)). 

[0063] Diagram 501 in combination with diagram 502 
illustrates an ideal operation of comparator 211 without 
offset (cf. statements (2)(4)). Down-pointing arrows 511, 
512, 515 and 516 at t v t 5 , and t 63 respectively, stand for 
signal C A (P,P) that is "+1". Similarly, for up-pointing arrows 
513 and 514 at ^ and t 4 , respectively, signal C A (P,P) is 
For time points t7 and t8 where the quantities of both 
components I A (P) and Q A (P) are substantially equal, the 
arrows are reduced to points 517 and 518, respectively, and 
signal C A (P,P) is defined as (cf, (6), diagram 502). 
Hence, signal C A (P,P) is "+1" before (trace 531) and after 
t 8 (trace 533) and "-1" in the meantime (trace 532). A signal 
changing rate is tg-t^Tgjo^. 

[0064] Diagram 501 in combination with diagram 503 
illustrates the operation of comparator 211 with offset 0(P, 
P). Down-pointing arrow 521 at t 9 represents the offset 
0(P,P); signal C A (P,P) goes to "-1" at tp earlier than in the 
ideal case (traces 541, 542). Up-pointing arrow 522 at t 10 
again represents the offset 0(P,P); signal C A (P,P) returns to 



"-1" at t 10 later than in the ideal case (traces 542, 543). 
Hence, the signal changing rate of C A (P, P) becomes asym- 
metric (t 10 -tg>T SIG /2). 

[0065] The offset 0(P,P) is also represented by the differ- 
ent length of the "+1" and w -l" intervals of C A (P, P). As a 
person of skill in the art will understand without the need of 
further illustration, amplitude differences between compo- 
nents I A (P,P) and Q A (P,P) will also modify these interval 
lengths. Therefore, all the signals C A (P,P), C A (P,M), C A (M, 
P) and C A (M,M) of comparators 211, 212, 213 and 214, 
respectively, of signal evaluator 210 (cf. FIG. 6) carry 
information about the offsets 0( ....... ) and the amplitude 

differences between the signal components. It is now 
explained how this information is further evaluated. Coming 
back to FIG. 6, combiner 217 receives signals C A (P,P), 
C A (P,M), C A (M,P) and C A (M,M) and provides signal X' A 
according to 

^{+^P) + C A (/>A0-C A (MP)-C A (M,7)} 

[0066] Hence, cT»fnbineF217~uses a first summation pat- 
tern (++ — ), thaij in the example, means combining the 
positive of C A (P,P), the positive of C A (P,M), the negative of 
C A (M,P) and the negative of C A (M,M). Taking into account 
any noise x A (lowercase) introduced, for example, by com- 
biner 217, and a constant scaling factor k, the signal X A that 
is available at output 215 is estimated as: 

*a-**a+*a (12) 
[0067] Combiner 218-also receives signals C A (P,P), C A (P, 
M), C A (M;P)-and C A (M,M) and provides signal Y A accord- 
ing to 

^-{^aCWaW^a^-CaW^} (14) 

[0068] Hence, combiner 218 uses a second summation 
pattern (+-+-), that, in the example, means co^Mning^the^ 
p^itive"~of~C A (P,P)7the negative~6f "C A (P,M)7 ttie~positive 
GX(M',P)"and"the negative-df C A (M,M). 

[0069] Again taking into account any noise y A (lower- 
case), for example, introduced by combiner 218, and the 
factor k, the signal Y A that is available at output 216 is 
estimated as: 

>>**r' A+ y A (16) 

[0070] FIG. 8 il lustrates a simplified block diagram of 
signal"evaluator 220 of gain controlle£_20^(c£JFIG^5). 
Signal evaluator 220 comprises" digital comparators 2217 ^ 
222r223~an~d 224, ^combiners" 227 and 228,'anld dela^stages 
207^and~208rinput signals of evaluator 220 are digital 
in-phase signal I D at input 201 and digital quadrature signal 
Q D at input 202; and output signals are signals XD at output 
225 and YD at output 226. Comparators 221, 222, 223, 224 
are clocked by sample signal SAMPLE from input 229. 
Preferably, SAMPLE is the same as in evaluator 210 (cf. 
FIG. 6). 

[0071] For convenience, signals I D and Q D are considered 



as differential signals each with a first component (P) and a 
second component (M), wherein 

/ D (A*)~/ D (i>) and (18) 
Qr>(M)-Qi>{F)- (20) 

[0072] The comparators receive the components I D ( . . . ), 
Q D ( . . . ) and provide single -bit signals Q D (. ..,...). 



Q D ( ...,...) are "input related" because they are derived 
from inputs 281, 282 of circuit 299. 
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[0073] In detail, comparator 221 receives components 
I D (P) and Q D (P) and provides signal C D (P, P); comparator 
222 receives components I D (P) and Q D (M) and provides 
signal C D (P,M); comparator 223 receives components I D 
(M) and Q D (P) and provides signal C D (M, P); comparator 
224 receives components I D (M) and Q D (M) and provides 
signal C D (M,M) Conveniently, the comparators provide the 
signals C D ( ...,...) according to the following definitions: 

C D ( ...... . )-"+r for 7 A ( . . . )-Gr>( ■ ■ ■ )*0 (22) 

C D ( for 7 D ( . . . )-Q D ( . . . )<0 (24) 

[0074] In comparison to analog comparators 211, 212, 
213, 214 described above, digital comparators 221, 222, 
223, 224 substantially avoid the offset. 

[0075] Combiner 227 receives signals C D (P,P), C D (P,M), 
Cj^M,?) and (^(MjM) and provides signal X' D according to 

X' J ^{+C D (P,P)+C J> (P,M)-CMPhC t> (MM} (26) 

[0076] Hence, combiner 227 uses the above mentioned 
first summation pattern. 

[0077] DJfeVsTilg^W^ ; 
N*time^Ms* lr The sy mbol Z" N is an operator of a Z-trans- 
fermation . Persons*of^lcnPin^ r thl ;V art c^implimenf delay > 
stage«^207 witnouf tncTnced of detailed explanation herein, 
^^^^fl^ '^y *^ smn ^ register. Ttppo'ela'y^f ^tage"207 
CG(^^cn^f^S&S6sp^^[s * to the intrinsic input-to-butput 
defa^yimtroaVcedin in-p hase channel 291(e.g.; by DAC 293, 
^F^^^'^nsfii^eOTvMient As explained in connection 
■\|ira*FIG."37)he "input related" signal X D is combined with 
tn^SlSyed "output related" X A 

[0078] Taking further into account any noise XD (lower- 
case) introduced, for example, by combiner 227 and delay 
stage 207, and the above mentioned scaling factor k, the 
signal X D forwarded to output 225 is estimated as: 

X D -A:*y' D *Z- N +JC D (28) 

[0079] Combiner 228 receives signals C D (P,P), C D (P,M), 
C D (M,P) and C D (M,M) and provides signal Y' D according to 

Y'D{^ D (P t P)C D (P,M)+C D (M,P)-C D (M,M)} (30 ) 

[0080] Hence, combiner 228 uses the above mentioned 
second summation pattern. 

[0081] Jpla^t3ge^208 ToTwaTdssighal Y'Jtb output 226 
wittfthe^fayW also into account any 

noise y D (lowercase) introduced, for example, by combiner 
228 and delay stage 208, and the scaling factor k, the signal 
YD forwarded to output 226 is estimated as: 



(32) 



[0082] Inconveniently- corresponds to the delay intro- 
du^d in u^hW-ctfan^ DAC 294, LPF 296). 

[0083] Giving the above definitions of C D ( ...,...) with 
possible values and "-1", signals X D and Y D can be 
any numbers from the set "-4", "-3", "-2", "-V\ "0", "+1", 
"+2", "+3 M and "+4 J \ 

[0084] The explanati on now g ives more ^details to FIG. 5 . 
As mentipned above, a^3eE?fi^jmpiDes signal X A with the 
negaUveTor signal X D to signal AX, that is: 

*X*X A -X 0 (34) 
A*-**AV*a-(**-*'d*Z~ N+ *d) (36) 



[0085] Assuming that the noise portions x A and x D sub- 
stantially cancel each other, the last equation is simplified to: 

A*=**(;r A -jr D *z- N ) (38) 

Ay=jt*jr D *2^(G x _l) (40) 

[0086] wherein gain G x is defined as 



o x = 



(42) 



x' D *z- N 



[0087] Similarly, ad|Jer>272^o^bines signal Y A with the 
"ne^ative~6f~signarY^to»signal AY^wherein noise portions 
L y A and Y D cancel, that is: 

AY=Y A Y D (44) 

Ay^»r A+ y A -(^r D *2- N +y D ) (46) 
A?-** (y' A -r r> *z- N (48) 
[0088] 



Gy. 



Yb*Zr 



77 (g«A) 



(52) 



[0089] As mentioned above, a dder 273 forwards the dif- 
ference I°* AX°-Q 0 *AY° to|pffin^rltor 280 tHat^fovTde^r 
gam^eoritit)l Signal W (cf. FIG. 2) according to: 

^ W=f[°*6Jr-Q°*&r 1 dt (56) 

W-k^P^vriGx-iy-Q 9 * *V(<? Y -1) dt (58) 
W=h *Z~ t **t C?x-G Y dt (60) 

[0090] where h is a constant, providing, for example, that 
W becomes dimensionless. 

[0091] As mentioned above, with gain control signal W 
supplied to amplifier 205, ^ih^eontroll^r 200 provides a 
feedbaek loop that relates ttif'gain*L of amplifier 205 to W, 
prefe'rSbl^'accbrding to: 

L-l+W (62) 

[0092] In an ideal case, gains G x and G v are substantially 
equal so that W substantially becomes zero and the gain L 
becomes 1. In case of a difference between G x and G Y , L is 
either increased or decreased so that the difference G X -G Y 
is reduced again. Preferably, W assumes values between 
-0.3 and +0.3 so that L assumes values between 0,7 and 1.3. 



[0093] Every com para tor shows an unwanted DC offset 
tot*si^ificWtl^ecreas^"th£ accuracy of the whole con- 
troller; therefore offset compensation is required. 

[0094] FIG**9 -illustrates 7 a T simplified block diagram of 
offisetncompensation control lo op 40 1|irFa^further«embodi- 
mentnofi'gain controller "200 ^FTE^S/ Control loop 441 is 
coupled to analog comparator 211 (cf . FIG. d) and to digital 
converter 221 (cf. FIG. 8) and further comprises subtracter 
411, delay stage 431, subtracter 421, and integrator 441. 
Similar control loops can be provided for comparators 
212/222, 213/223 and 214/224. 

[0095] As mentioned above, intermediate signal C A (P,P) 
comprises information about the oflset Q(P ,P) in analog 
comp arator 2 11 WrTte^rJtSr^l^orjtains an^sTinfltion of the 
fr^tiituc!e~1ffl ffset signal 



02/20/2004, EAST Version: 1.4.1 



US 2002/0114413 Al Aug. 22, 2002 



O COMP (P,P) to either one of the inputs of corresponding 
digital comparator 221. In the example of FIG. 9, this is 
implemented by subtracting O COMP (P,P) from I D (P) by 
subtracter 411. %iay>istage^431^el1i^ 
intrp'duceH"by channeY292. * 

[0096] Compensation offset signal O COMP (P ? P) is the inte- 
gral of the difference between the single-bit input related 
signal C D (P,P) and the single -bit output related signal C A (P, 
P), that is: 

Oco^m-ii^m-c^pwt (64) 

[0097] As mentioned, thej^ffeetceontroWoop 401:is^pj;ef^ 
erablyF^ravideS irT^lufalities. Using the terms "input 
related" and "output related" signals introduced above in 
connection witbfFlGSW^and 7 6, controller 200 is charac- 
terized by the following features: first integrator 441-1 
provides a first offset compensation signal O COMP (P, P) as 
the integral of the difference between single-bit input related 
signal Q^PjP) and single-bit output related signal C A (P,P) 
(cf. equation (64)); second integrator 441-2 provides a 
second offset compensation signal Ocqj^P.M) as the inte- 
gral of the difference between single-bit input related signal 
C D (P,M) and single -bit output related signal C A (P,M); third 
integrator 441-3 provides a third offset compensation signal 
O COMP (M,P) as the integral of the difference between 
single-bit input related signal C D (M,P) and single-bit output 
related signal C A (M,P); and integrator 441-4 provides a 
fourth offset compensation signal O COMP (M,M) as the inte- 
gral of the difference between single-bit input related signal 
C D (M,M) and single-bit output related signal C A (M,M). 

[0098] F&stMoffsTt^eompensaUon^signal O c ^ MP (P,P) is 
subtracted (cf. FIG. 9, subtractor 411) from either input of 
digital comparator 221 (illustrated with I D (P)input, Q D (P) 
can also be used); se^ndioffiset^compe'nsadon^signal Og OM - 
p(P,M) isssiibtraTt^^om either input of digital comparator 
222; third B offset compensation signal O COMP (M,P) is sub- 
tracted from either input of digital comparator 223; and 
fourth offset compensation signal O^^^M) is sub- 
tracted from either input of digital comparator 224. 

rOQ991 Pr^efer^ 

togemeTwitn^ircui^Wo^^ingle "rnonolithicchip. Having 
delseribed'the present invention in detail^theipresentfinven- 
tionfcan^lstf be summarized as follows: Gain«eontrolleF200 ^ 
forfraptre^tin^ 299 that 

f 6i^ar^s1'a^ l i^ri5Fp l 5i?i| ly'o^nrs^cHa^nel 2 91 and second 
cha5nTl^92'mo1?irors dMere nces between the overall gains 
G^G^in^MnllelsTsn., 2923 - nd | |e^ds - ba^gMn^Temm^ 
contrM^igniTW^o one^of the c hannels • jjj^ jT t o ch annel 
2 92^Eirst"and" secSiid pluralities^fasin gle^^ 
221^224r211^2141monitor the signal pak.at^channei* inputs 
280.f28*2*and *at T channel outputs 283 r 284rre^ecTively* at 
first^a^^Mg^te^and provide difference signals AX, AY. 
Integrator"280i^eives the difference signals and calculates 
trie^lin control signal W in second, decimated sampling rate 

[0100] While the invention has been described in terms of 
particular structures and devices, those of skill in the art will 
understand based on the description herein that it is not 
limited merely to such examples and that the full scope of 
the invention is properly determined by the claims that 
follow. 



GLOSSARY OF TERMS 

[0101] In the following, abbreviations, physical units, and 
writing conventions are listed alphabetically. This glossary 
is provided only for convenience. 

[0102] A analog 

[0103] C D (. ..,...) output signal of digital comparator 

[0104] C A (. ..,...) output signal of analog comparator 
(...,...) (P,P) (P,M) (M,P) or (M,M) origin of I and 
Q signal components, respectively, supplied to com- 
parator inputs 

[0105] D digital 

[0106] F first sampling rate 

[0107] F R second, lower sampling rate 

[0108] G p G Q overall gains 

[0109] G x gain 

[0110] G Y gain 

[0111] I A , I A (P)J A (M) analog in-phase signal with P 
and M components 

[0112] I D , I D (P), I D (M) digital in-phase signal with P 
and M components 

[0113] 1° conditioned in-phase signal 

[0114] Lgain 

[0115] j index (cf. (1)) 

[0116] . h constant 

[0117] k scaling factor 

[0118] 0( ....... ) comparator offset 

[0119] 0°°™% ..,...) compensation offiset 

[0120] Pplus 

[0121] Q a >Qa(P)>Qa(M) analog quadrature signal with 
P and M components 

[0122] Q D ,Q D (P),Q D (M) digital quadrature signal with 
P and M components 

[0123] 

Qd mod modified signal 
[0124] Q° conditioned quadrature signal 
[0125] M minus 

[0126] N delay duration by number of time slots T 

[0127] R sampling rate decimation ratio, number of 
time slots in time frame 

[0128] r index 

[0129] SAMPLE sample signal 

[0130] ttime 

[0131] tj, t 2 , . . . time points 

[0132] T time slot 

[0133] T R time frame 

[0134] T SIG signal period length 

[0135] V D digital signal at F 
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[0136] 


V° digital signal at lower sampling rate F R 


[0137] 


Vaverage average 


[0138] 


W gain control signal 


[0139] 


X D combination signals provided by com- 


biner 




[0140] 


y . y_ v. nniw lntrnrhiPpH hv cnmhinpr 

A D> Jj^j JJJ UUICV 111 UVJUUvtU UY ^VJlUlJllJd 


roi4ii 


A^C AX^ 0 difference sicnud 


rni 421 


Y A , combination signal provided by corn- 


biner 




[0143] 


y noise introduced by combiner 


[0144] 


AY, AY 0 difference signal 


[0145] 


Z _N delay by N time slots T 


[0146] 


* multiplication 


[0147] 


/ and division 


[0148] 


2 sum of multiple summands 


[0149] 


/ integral 



1. Gain controller for a circuit that forwards a signal pair 
by a first channel and a second channel by converting said 
signal pair from a digital form to an analog form, wherein 
said gain controller monitors differences between overall 
gains in said channels and corrects gain imbalance by 
feeding back a gain determining control signal to at least one 
of said channels, said gain controller comprising: 

a plurality of digital comparators at inputs of said chan- 
nels; 

a plurality of analog comparators at outputs of said 
channels; and 

a pluralityof of&et^cratrol loo^sT^onTfoTeacrfcombina- 
Ltion-of-analog and digital comparators, said loops to 
determine"intrinsic offsets of said anaiog comparators 
and to subtract offset compensation signals from said 
digital comparators. 

2. The gain controller according to claim 1, wherein said 
first channel is an in-phase channel and said second channel 
is a quadrature channel, said signal pair in said digital form 
having a first input signal being an in-phase input signal and 
a second input signal being a quadrature input signal; said 
signal pair in said analog form having a first output signal 
being an in-phase output signal and a second output signal 
being a quadrature output signal. 

3. The gain controller according to claim 2, wherein in 
said plurality of digital comparators, 

a first digital comparator receives a first component of 
said in-phase input signal and a first component of said 
quadrature input signal and provides a first single-bit 
input related signal; 

a second digital comparator receives said first component 
of said in-phase input signal and a second component 
of said quadrature input signal and provides a second 
single-bit input related signal; 

a third digital comparator receives a second component of 
said in-phase input signal and said first component of 
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said quadrature input signal and provides a third single- 
bit input related signal; and 

a fourth digital comparator receives said second compo- 
nent of said in-phase input signal and said second 
component of said quadrature input signal and provides 
a fourth single-bit input related signal. 

4. The gain controller according to claim 3, wherein in 
said plurality of analog comparators, 

a first analog comparator receives a first component of 
said in-phase output signal and a first component of 
said quadrature output signal and provides a first 
single-bit output related signal; 

a second analog comparator receives said first component 
of said in-phase output signal and a second component 
of said quadrature output signal and provides a second 
single-bit output related signal; 

a third analog comparator receives a second component of 
said in-phase output signal and said first component of 
said quadrature output signal and provides a third 
single-bit output related signal; and 

a fourth analog comparator receives said second compo- 
nent of said in-phase output signal and said second 
component of said quadrature output signal and pro- 
vides a fourth single-bit output related signal. 

5. The gain controller according to claim 4, wherein in 
said plurality of offset control loops, 

a first integrator provides a first offset compensation 
signal as said integral of the difference between said 
first single -bit input related signal and said first single- 
bit output related signal; 

a second integrator provides a second offset compensation 
signal as the integral of the difference between said 
second single-bit input related signal and said second 
single-bit output related signal; 

a third integrator provides a third offset compensation 
signal as the integral of the difference between said 
third single-bit input related signal and said third 
single-bit output related signal; and 

a fourth integrator provides a fourth offset compensation 
signal as the integral of the difference between said 
fourth single-bit input related signal and said fourth 
single-bit output related signal. 

6. The gain controller of claim 5, wherein 

said first offset compensation signal is subtracted from 
either input of said first digital comparator; 

said second offset compensation signal is subtracted from 
either input of said second digital comparator; 

said third offset compensation signal is subtracted from 
either input of said third digital comparator; and 

said fourth offset compensation signal is subtracted from 
either input of said fourth digital comparator. 

* * * * * 
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